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I. INTRODUCTION
The rapid davelopment of faster, larger computers has been paralleléed hy
an equally rapid development of computational aerodynamiés. In light of this,
it has been suggésted that the computer and the wind tuninel will perform équal

A

and complementary rolés in the development of new aerospace ~ehicles. (1) 1o
make that suggestion a reality it will be necessary that the understanding of
turbulence be enhanced and that some practical means of modeling it in compu-
tations be provided.

Table I is a simplified summary of the status of computational aerodynam=
fcs that illustrates its rapid development, particularly since the start of
this decade. The stage of approximation of the governing equations has been
divided into four progressively more complex tategories, culminating with the
viscous, time-dependent Navier-Stokes equations. Beginning in the 1930's and
progressing through the 1960's, inviscid linearized theory in various refined
stages has been used in the design of many aircraft; however, limitations in
this theory required that much of the configuration deéign be accomplished
experimentally. In the 1970's, development of inviscid nonlinear theory
advanced more rapidly and is now nearing completion.

Computations for transonic and hypersonic £1ight have been made for
realistic aerospace vehicle geometries (notable examples are refs. 2-4). The
major limitation of these computations is that they cannot handle separated
flows. To provide that capability, the next stage of equation approximation
requires utilization of thé Navier-Stokés equations or their approximation.
For turbulént flows, which are ubiquitous and very important in moést aérospacé
vehicle applications, computations empl.ying the time-aveéraged Navier=-Stokés

equations are in the early stages of developaent. The limitation of thése

1




computations is the accuracy of the turbulence model used to completé the sys-
tem of governing equationd; this item now pacés the development.,

Once this stage of approxiiation réaches the point of practical utility,
it is expected that the devélopment of computations using the complete Navier-
Stokes equations in time=dependent form will Begin. However, bécause the
resolution scalé for the smaller turbulent eddies precludes the use of any
present day computers, an advanced computer is essential before practical com-~
putations can be made available. Thus, within the next decade, it would be
possible to numerically simulate the flow about aircraft, including important
viscous effects, if the ability to model turbulence can be improved.

The Navier-Stokes equations are the basic governing equations used to
describe most fluid mechanics phenomena. They also apply to problems involv-
ing turbulent flow where turbulence appears as a random, dissipative, three-
dimensional phenomenon that irvolves many characteristic scales. To avoid the
diffieulty of describing every discrete turbulent motion possible, some type
of averaging must be employed. Of the many possibilities, Reynolds time-
averaging(s) has proved the most successful. Time averaging eliminates some
information contained in the original equations, however, and also results in
more unknowns than governing equations through the introduction of apparent
Reynolds stresses for the actual transfer of momentum by velocity fluctuations.
Deriving additional equations for thosé Reynolds stressés only results in the
intrfoducétion of additional unknowns.

Therefore, the extra unknowns nust be representéd by physically plausible
combindtions of quantitieés for which transport equations are expressed in

terins of constants or empirical functions considered as known or éxpressible

in terms of the mean variables. The problem of reducing the unknowns to equal




the number of équations is reférred to as the elosure problem; the process of
expressing the unknown$ as transport equations in terms of empirical functions
or constants is referréd to as "turbulence modeling."

Historically, progress in turbulence modeling has bheen slow and deliber-
ate, and has relied substantially on a féew carefully éontrolled experiments
performed over a range of test conditions. Such experiments could beé called
"building-bloeck éxperiments' beécause they provided the gage for establishing
the credibility of computational techniques and even more impdftaﬁtl& because
they provided physically meaningful concepts that were used to énhance heuris-
tic modeling ideas. The confeérence on the computation of turbulent flows held
at Stanford University in 1968(6) used these key experiments to assess pro=-
gress in predicting incompressible, attached, turbulent flows. Later that
same year, the conference on compréssible turbulent flows héld at Langley
Research center(7) concluded that very féw, if any, compressible flow experi-
ments in the building-block category were being performed.

If progreéss in modeling for compressible flows is té be made, it will
also come through combining a broad experimental effort with developments in
computational techniques and modeling ideas. For compressible flow, however,
progress is even more difficult to achieve becausé compréssibility introduces
additional complexities, not only in the modeling concepts, but also in the
expériments. Thé compleéete concept 6f turbulencé modeling has thréee elemeénts:
experiments, intuitive modeling concepts, and the computer code (see fig. 1).
Each element is essential, and the eléments are not easily separated.

The process could start with the modeling concept or with the expériments.
Historically, the process began with experimental observations that later led

to modeling concéepts. This trend is beginning to change in that model




] |
~ S i

dévelopment and experiment are being pérforméd in parallel and coordiniated

efforts, Oncc thie¢ modeling concdepts are éstablished, the computér code can be
assciibled, This particular sequence is ésséntial for complicdted equation

; systems because thé modeling concépts can often alter the ovrdér of the equa-
tion system or method of solution, Once thé ¢ode has heen established, it can
be compared with and verified by the experiments. If the experiments provide

: énough detail, they can guidé changes in the modeling concepts and thé process

]

can bé continued unfil the predictive capability of the codé is establisheéd.
An important aspect o6f the computation code development is that it bé directed

specifically to thé geometry of the expéeriment and that it use exaét experi-

mental initial conditions so that no doubt can be cast on thé cémparative !
results.,

The status of modeling for compressible flows can. be broadly summarized i

x as shown in figure 2. For constant pressure flows, that is, flat plates or
bodies of revolution whéré the boundary layers dre thin and the outer inviscid i
flow can be described, adequate turbulence models are dvailable and there are

apparently sufficient data to verify them. Pressure gradients introduce com-

plexitiés that begin to test our ability to model turbulence:. For mild i
gradients, adjusting thé constants in the models that handle constant pressure
flows will usually suffice. For severe pressuré gradients, however, models |
are not generally availablé and there is only a limited range of quality data

to verify models now under developmeént. Turbulerice models are not yet avail-

ablé for the case when pressure gradients are strong enough to separate the

flow, and there areé only a limited nuniber of quality experiments for

verification.




In the coursé of this presentation, a éoncept of turbulence modeling for
compressible flows will be reviewed. This review will provide an up-to-date
status of the problem and an assessment of the progress being made to solve 1it.
A description of turbulénce modeling will be given first, and various modeling
concepts will be introduced. Because turbulence modeling rélies substantially
on experiment, the next section will define what an adequate experiment is,
and what the present capabilities of measurement techniques are. In the final
se¢tion, the status of turbulence modeling for two-dimensional flows will be

discussed and examples will be given for attached and separated flow problems.

II. MODELING CONCEPTS FOR COMPRESSIBLE FLOWS
Before describing the various concepts for thée turbulence modeling used
later in describing the status of modeling for compressible flows it is worth~

while to show briefly how they were developed from the basic governing

equations.

A. Governing Equations in Mass-Averagéd Variables

The Navier-Stokes équations for a compressible, heat conducting, perfect

gas may be writtén as follows:

Continuity
% . 9 _
ot Bx (puy) = 0 (1)
Momentum
2 3 = . 0P L 2
pe (Pu0) ¥ g (Puruy) =7 g TR T4 (2)
Energy
du 3q
9 o = o2 3p. e S
at (ph) + 3% 4 (phuj) e T Y3 3% t Ty 3xy 8%y (3)




whoié the dtress tensor Tjj and the heat flux veéctor qj ar¢ given hy

Bui Buj Huj
- L2 . AT § /
Tij AGij BXQ o ax] + Bxi (4)

qj = -~k 55T (5)

The bulk viscositv A is equal to -2/3 p, where p 1s thé dynamic viscosity;
the thermal conductivity is k;‘sij is thé Kronecker delta, equaling 1 when
i = j and equaling O when 1 # j. A summation is impliecd when indices are
repeated.

As is well known, when deéaling with flows that are turbulent, the solu-
tion to equations (1) through (3) becomes practical cnly if one employs some
type of averaging. Following Reynolds, for example, the equations are aver-
aged over a time that is long compared to the time associatéd with the predom-
inant frequencies of the turbulénce. For compressible flows, however, mass-
weighted averaging is often used, rather than the usual time averaging;,
bécause the compressible form of the equations can be reduced to a form analo-
gous to the incompressible form (see, e.g., ref. 8).

The advantage of mass averaging can be illustrated as follows. In the
usual averaging procedure, velocity is usually written

ug (xy58) = uy (xy) + uj(xg,t) (6)
where the bar dendtés the time avérage of u;(xi,t). The tine average of a

quantity is obtained from

R totit
Q= lim -=— Q(t)dt ) -




Introducing the concept of time averaging into the continuity and momeéntum

equations, the following equations result:

9 B =E L THO) e :
o 8% (puy + o uj)' 0 (8)
B gms T D am - L iy o L 9P
oc (P * elup) o+ B (BT + ugptup) = = 5
+ -.—a-— (T -0 pnuhw _ Bu”ui" - p"bu"‘u'.') (9)
%y 13 MR | 1] i3

Note that for incompressible flows dp = 0 and thé equations reduce to the

familiar incompressible form. However, aside from the usual problem of sup-

T T T orTTTTTesRmeTeeme T T TR e e e

plying additional relationships for the mean effects of. turbulence, for
example, Bﬁ;ug, the compressible form of the equations contains fluctuating
density-generated terms such as pﬁug. This complexity can be formally avoided

by introducing mass-weighted averaging.

Define thé following mass-weighted velocity i

wheré the bar denotes the usual time-averaged value and thé tilde dénotes

mass-welghted averaging. The instantaneous velocity ¢an bé written

Ui(xi,ﬁ) = ﬁi(xi) + Ui(xi,t) (ll)

where ui is thé superimposed vélocity fluctuation. The relation between

GI and ﬁi is obtained as follows:

" _,__;'— ".N '“ ___'
pui(xi) (P +o )ui(xi) 0

H;

or ui(xi) = -p ui(xi)/5

Taking the average of equation (11) and rearranging

ﬁi(xi) - ui(xi) = -ui(xi)

Gi(xi) - (xy) = p"Ui(xi)/B

7
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From the definition of ui(x,t) it follews that

-~ (Y N o= v N 4! .
u1(x1) + “i(xi’t) = ui(xi) 4 “L(xi’t)

Multiplying by ¢ and averaging
Ri(x,) + pu' (x)) = B + NEN)

But bu'(xi) = 0 and pu”(xi) can be written (p T o' = pha", so it

follows that

uy (%g) - ui(xi) =" /b (12)

Thus the differénce between the mass=weighted and timé-averaged velocities

depends on a density-velocity correlation. Similar relationships exist for
température and enthalpy. Later, relationships between various shear stress
and heat flux quentities in mass=weighted and time-averaged systems will be

neéded. Without derivation, these are written as follows:

.t "t

QU‘V' puﬁvn I Bp u (12a)

|}

o n

) Tty 11
ovh' = pvhn - & 5" h (12b)

Substituting mass-averaged variables into equations (1) to (3) yields:

Continuity
3p D em
'5% + e (puy) = 0 (13)
J .
Momentum
3 == D = aﬁ' . 9 s YT
Energy
- - ———— U,
D ar 8 mp= oy 0D v BB L R 8 a LRt 4oty i
ot P T ;g (Bhug) = 5¢ + 4y 5 * Y Bx, * oy (=g - ehlup) * Ty g (15)
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Equations (13) to (15) now have tlie samé form as the lamlnar Navier=Stokes equa-
tionag éxcept that the averaged variables appear throughout and tlie so~called
turbulent Reynolds stresses and heat fluxes appear., The equations aré simpler
than those given when the usual time avéraging 18 introduced. These equations
also have the same form as the incompresslible time-averaged equations except
that the so-called Revnolds stressdes, —SG;G;, include fluctuations in density.
This latter fact does indeed complicate thé process of modeling the turbulence.

The equations in their averaged form have additional unknowns: the tur-
bulent Reynolds stressés and heat fluxes. The problem of reducing thé number
of unknowns to equal the number of equations is called the closure problem.
The process of expressing the unknowns as transport équéiions or functions in
terms of .known quantities is called turbulenceé modeling.

The governing equations can be supplemented by additional equations for
the turbulent kinetic energy and the various Reyneolds StfeSSeS.(g) Following

the development in chapter 2 of reference 9, these may be written as:

Turbulént Kinetic Energy

B fl—7==\, 8 ~ (LY, 3 ofio ). oy 02 v ik e 1
T: (2 "“1“1)* 5%, “k(z Pugay ) T B2 PN )T TN g TN T, T PN B

(16).
Reynolds Stresseés
'—8— (_u ) + — uk(pu ) + — pu ) = oy ERS - u! 3.'_
e xk 0 = 7 e T M
m (I - e~
o aTik +u ij_k. - bpu'u'l _a__‘ii _ pu;u' _‘_3_"11_: (17)
] 8xk i Bxk ik axk ik axk

Inspection of the comservation équations shows that the numbet of unknowns

exceeds the number of equations. Thus, the next step in arriving at a closed

|
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got of equations will he to model cértain of the terms,  This can.be accoms
plished in progressively more complex steps In the same manner as for incom-

préssible flows,

B, . Modeling Concépts

J._ A Algebrate Closure Model

A stralghtforward technique that has received much attention and verifi-
cation for a broad range of boundary-laycr flows is to expregs the turbulent
shear stress and heat flux in terms of the mean flow variables. Bousinesq's
eddy viscosity concept is introduced. Define the turbulent Reynolds stress

tensor as

5 = —mutul
Ryj = mpujus

then let

auy aﬁj
R R a8

=i
)
o>

i
where & .is considered a scalar quantity referred to as the eddy viscosity
because equation (18) now has thc same form as the laminar. stress tensor, Ty
The problem of modeling is now reduced to one of describing the behavior of
the eddy vizcosity in terms of the mean flow variables. Several techniques
for accomplishing this when the flow_is compressible are described below.
Essentially they are extensions of techniques used for incompressible flows.
A successful model was developed by Cebeci and Smith. It uses Prandtl's
mixing-length hypothesis (i.e., € = 22[(aai[axj),+ (aﬁj/axi)]) in the inncr
region with Clausér's eddy viscosity in the outer region tc arrive at a two-

layer model.(g) Also, in order to appropriateély model the region of the sub-

layer and the innér log-law région, va Driest's damping function is

10
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introduced. The model has beon successfully applied to many compressible
equilibrium turbulent boundary-layer flows.

Inner region

o aui auj
Eraner = PO NG F ag 9
Outer region
= ( = 0.6 " ; 6
€ yuter 0.0168 B,Ug8, /1 + 5.5(y/8) (20)
where
D= [1~ exp(~ y/A)] (21)
and
A= A+v(1w/6})1/2 (22)
and
- Yedge
Sk = (1 - u/ug)dy (23)
o

Following Morkovin's hypothesis that compressibility does not affect the
description of the length scales, the constants in equations (19) to (23) are
given values derived for use in incompressiblé flows. In equation (22), at
contains a reference density which the originators assumé to be the local den-
sity across the sublayér and in most applications the wall density is used to
represént this reférence value. Thée value of AT can be adjusted to account
for préssureé gradient and mass transfer at a wall in the same way as for
incompressible flows. (Sée chapter 6 of ref. 9 for a discussion and suitable

derivation of eq. (22) tor compressible flows.) Hereafter, this model with

AY = 26 will be reférred to as the_ baseline turbulence modél.
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For flows with compressibil ity 1t 1s also requlred that the enerpy equa-
tion he aolved, To express the turbulent heat flux an cddy conductivity 1is

{ntroduced and a turbulent Prandtl number is forméd

‘F":)

Fft = (24)

™

h
Expressions for the ¢urbulent Prandtl numbér havé been developed for boundary-

layer applications. (Sce, e.g., chapter 6 of ref. 9.)

2., An Algebraic Closure Model with Relaxation

The baseliné turbulence model is not always successful. TFor equilibrium

turbulent flows with mild wall pressure gradient, modifications to At will
usually result in adequate predictions, but for flows with rather severe pres-
sure gradients, such as those ahead of separation where tlie flow is not in
turbulent equilibrium, modificetions to the model are requireéd. Recently,

several &tudies have shown limited improvements for these situations can be

obtained by introducing the concept of relaxation. See, for example, refer-

ences 10 and 11. An additional differential equation for eddy viscosity has

been written as

.. (25)

where L 1is some relaxation length and €eq is the eddy viscosity given by

the usual prescription, for éxample, equations (1Y) to (23). Someé authdrs

have applied the relaxation concept to thé outer eddy viscesity only, arguing

that the smalle¥ eddies in an inner region should be able to adjust imiediately

to changes in the mean flow.(lo’ll) Anothér author applied the conéépt across

the éntire boundary layef.(lz) In éithe? case, thé relaxation concept is

{ntroduced to aécount for the expérimentally observed fact that turbulence

12
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cannot adjust instantaneously to ¢hangés in the mean flow. However, this
particular relaxation concept has not beéen successfully generalizéd and the
relaxation length scale, L, usually expressed in terms of boundary-layer
thicknesses, 18 not universal, FExamples employing this Concept will be shown

later. Hercafter this model will be referred to as the relaxation model.

3. A Single Tramsport Eguation Model

A moré straightforward approach to modeling for nonéquilibrium turbulent
£lows 1s to introduce the transport equations for Reynolds stresses. The
approach is much more complicated than for incompressible flow, however,
because terms involving compressibility must also be modeled. Little experi-
mental évidence is available to help in this latter process. To illustrate
the problem, the development of these additional modeled terms for the one-
equation model derived in reference 13 is briefly described. The eddy vis-
cosity in this application is formed from the product of an algebraic length
scale, expressed in terms of a turbulent Reynolds number, and a velocity
formed from a solution of the turbulent kinetic enérgy equation. The method

is an extension of Glushko's incompressible model.(l“)

(15)

A more general scalar eddy=viscosity relationship, described by Hinze,

wherein the average turbulence pressure 1s extracted from the stressés, can be

written for thé turbulent streésses.

- 2 e aﬁi aﬁj
Rig = = 38037 7 f\a) e (26)
where
R ==puu (26a)
2. 0171
13




Introducing equation (26a) into cquation (16) and vestructwring the terms

involving veloclty=pressure gradient and velocity=shear stress corvelatlons,

the following turbulent kinetic énergy equation is obtained:

o

:‘ - :} . - b _ P el
J EYs (k) + !\J (.))Ujk) = -pu,u

The turbulent kinétic enérgy equation in the mass=weighted averaged system has
the same form as the incompressible equation but the problem of modeling the

| terms on the right-hand side of equation (27) differs from the incotipressible
approach because extra pressure velocity correlations and molecular-shear and
velocity correlations are introduced through the mass—weighted averaging

: process. (See ref. 13 fof a complete discussion.) To exemplify this, con-

’
t

i sider the pressure-=velocity correlations. Substituting p =p + p  into

% those terms results in the following group of terms

. . N Bu} Bu}
PV = - —— (u'p) - — ulp" + p o+ p" (28)
axi i Bxi i axi A%y

Both 'Gz and its dérivative are zero for an incompressible flow and only the
second term on the right-hand side remains; it ig usually grouped with the
second term on the ¥ight-hand side of equation (27) and modeled in terms of a
gradient of k. (See chapter 5 of ref. 9.) The choice for compiessible flow
is either to assume that these remaining correlations are negligible or to
model them in such a way that they ténd to 2ero when the flow is incompres-
sible. Following the procedure of refeérence 13, rewrite equation (28) as

T ou!

——

R Is v ) w1
PV + ﬁxi uip Ui Bn +p Z)Xi




Equations for GI have heen obtained for two cases: oue based oii the assump-

tion of constant total température within an eddy and thé other baged on the
assumption that the state variables in an eddy behave in a polytropic fashion,
In eithér case, generality is maintained by assuming that pressureé fluctuations
¢an be expresséd in terms of density and temperature fluctuations, Assuming
that the gas behaves in a polytropic manner, then
Rlage—n_1L (29)
b T

P n -1

where n 1is the polytropic coefficient and terms of second order are
neglected. Using this expréssion to relate pressure and temperature, Rubesin

arrived at the following equations

—~ _y -1 "h 3h

u! = - 30

i n-1532 8%y (30)

and.
du! a,2 = o
1t i . i k j )

—_— =y = = = (31)

axi P a 32 xj

where a is a spéed of sound and £ 1s a coefficient alsé containing the
polytropic exponent. Thus, it is possiblée to arrive at expressions for the
additional correlation terms introduced by compressibility, but they must also
be modeled through the introduction of values for n and £. The appropriate-
ness of the values suggested by Rubesin, however, has not yet been demon-
strated. Experimental measurements of the terms aré not available; and the
model is only now being tested extensively against experiment.

The complete equations describing the one-equation model are given by
equations (75) through (91) of reference 13; they will not be repeated here.

Examples shown later refer to this as the l-equation model.




4., A Two Bquatfon Model

A morc genéralized model can be developed by forming an cddy viscosity

frofi a velocity and lungth scale thuat areée both describad by transport equia-

| tiofis. For examplé, the prévious one=@quation model could be generalized to a

two~equation model by providing one additional transport ¢quation for the

length scale as originally proposed by Rotta.(16) .

Anothe¥ approach that is réceiving close attention now and for which some

results will be presented later is the two-equation model recently developed

by Wilcox(17) for the boundary-layer approximations to the Navier-Stokes cqua-

tions. This model uses an energy equation and a dissipation-rate equation

that is a modified form of Saffman's pseudo-vorticity equation. Compressibil-

ity has been introduced through mass=weighted averaging as described pre-

The modeled form of the équations developed in reference 17 are

i viously.

; . - di :
| 3 /=% 9 ~ o=y o f ke B0 an R R P %=\ oK | _ %= k )
| _ Y (pk) + % (pujk) (a P 5 B ;)k + 5y [Fu + 0™pe) ay] £7pk 5%, ;
| !
| .

(32)
and

[ 5 B -3~ @)

# 9 - 9 z
| * 55 [(u + ope) 5\;(—5‘-’1,—1)] (33)

is an additional térm that includes the dilata-

where thé term containing 6*

tion of the meéan flow due to compressibility and where the eddy diffusivity

(8/p) is

m
)
e !‘cl'

In their latest interpretation, Wilcox and Tracy identify k  with

9/4 v'2, rather than the turbulent kinetic encrgy. Thus, inherent in their

16




model interpretation is the arssumption (hat ((u‘>)?°((w‘))k;(<v'))2 = 433312,
The examples to he presentcd 'ater vill hondle ine additional conpressible
modeling terms £ and m by cheostng zero for both and tlus reducing the cqua
tiong to thelr form that 18 usually aesociated with incompressilile flow, Ihus,
compressibility is accounted for only threough dintroducticn 6f the medn density.

Examples given later rofer to this model as _the Wilcox=Tracy model.

5. A Complete Réynolds Stress Model

Applications of the modeled form of the fn1l Reynolds stress equations
have also been attempted for compressible flows. Gea for evample refercnce 18
where Donaldson's invariant moédeling ideas are applied to A compres:=ible 110w,
Donaldson's approach has been rccreiving focused altention recently iocr
boundary-layer flows and some examples are presented late:. Rather than
employing mass-weighted variables, this approach begins with the coempletu
time-averaged Navier-Stokes equations and closure is accomplished by modeling
the third- and fourtb-order corvelations in terms of the mean variailes and
sécond-order correlations according to the prinirles of invarient modeling.
For the sake of brevity, the equations and the modeled torms will wot bé given
since they comprise a set of 12 equations and 12 unknowns. The reader io
referred to referénces 19 and 4y Jor a discussion and {ormal réprésentation ol
the equations. For the exasqples to ba given lat.r, all the modeling constants
were takén from referencé 19 and were not adjusted. Tater, thid model de

reférred t.o o= the ARAP wodél.

I1T. EXPERIMENTS FNR TURBULENCE M™PET ''™.
Purhbulence modeling is henristic by nrat: e thevefore 1 cenoentoer
sive e arimoutal daia for guidance end verific tion. ' ile thore is a rat!

17
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cutensive data Lase to support modeling for incompressible flobs, the data
base for supporting compressible flow modeting s rathaer small.  Only recently
has there been o concerted attempt to rectify this imhnlnnvv.(?]) A sipnifli-
cant contributor to this rather unfortunate imbalance Ls the difficulty ol
measurement when Mach number must be considered. In this scction the clement s
of experiments to support modcling will be discussed, the status of measure-
ment techniques will be described, and an experimental foundation for develop-
ing a model. that will be udeful for computing two~dimensional flow fields will

be proposed.

A. Elements of Experiments Supporting Modeling

Figure 3 shows the Mach-Reynolds number domain for aerospace vehicles and
it gives an indication of the range of conditions over which adequate turbu-
lence modeling must be provided if the concept of numerical simulations of
flow fields over complete aircraft is to become a reality. The upper limit on
Reynolds number based on vehicle 1ength(22) is shown as well as the upper
limit based on a typical wing chord. Mach number varies between subsoni.c and
hypersonic, encompassing the range encountered by commercial passenger
vehicles and NASA's space shuttle vehicle. Experiments that verify and guide
the modeling process will have to be performed over this range of conditions.

Experiments that support the modéling process can be classified according
to the type of closure proposéd. Bradshaw(23> broadly classified thesc
closures as first and higher order. First-order closurcs correspond to
clasures where second-order correlations like the Reynolds stresses are

expressed in terms of £irst-ordeér correldtions like the mean velocity, namcly,

algcbraic wixing length or eddy viscosity formulations. Uigher-order c¢losurces




refer to thoscé in whiéh thivd= and lilgher=order correlations arc expressed i
terms of second- and higher-order corvelatlions by infroducing addit jonal
; appropriate transpori cquations,

Table 11 gives the elements of the oxperiments regqulrod, depending en the
type of équation closurc, Bv their nnturé, verification experiments requirve
E documentation of mean and surface quintitiés cver the practical ranges oy
flight Ma:h ard Reéynolds numbers. Thege experiments are useful for any cle-
sure technique used. Tirst-order mode ling experiments are those that requive
measureménts of the shear stress and heat fluxes across the flow field because
these quantities provide insight into concepts us~d to model these lterms aic
provide closure.
| Such experiments can, but need not be, atrempted over the. conplete Mach }
and Reynolds number ranges because the verification experiments can test the ‘
ability of the model tc perform outsdide the domain where, for cxample, the
é shear stresses have been mecasured. Butb they must be performed at Reynolds
g numbérs sufficiently high to establish fully deveéloped turbulence. Higher-
order modeling experiments require trhat fluctua! ing measurements be made across
the flow field. Depending on the order of the closure, fiore and moré informa-

tién on the fluctuating field must be ascertainéd. As was the case for first-

order modeling experiménts, data need not be acquired over the complete Mach
and Reynélds number domain, provided that veiification experiments are avail- i
able., Tdeally, one well+conceived experiment could suffice for all thrce
types listed in table II. Mo cover, the same «vpercimeat: 1 apparatus and

jhstrumentation can be used tc eliminate exporimental nncertairtics. Cnlés(}“)

. ) ermphasi~ed this latter aspect whei commentine on thr Flews used as the ovas’s
for the Stanford Conforrnce. e alion emphas '+ d the + d ror o hedoey
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fdasurement, compléte documentation for future refeténce, and the elimination
of three-dimensional uncertaintics by, for example; tésting axisymmctric
configurations.

As méntioned previously, there are feéw experiiients suited to guide and
verify turbulenceé modeling for compressible flows. Figure 4 compares the
domain of available experiments thdt can be uséd to test modeling conceptuy
with that for vehicles. The shaded area represents the domain where partially
documented experifments were petformed for fiows where zero- or mild-pressure
gradients were impressed on the flow. Referencé 25 presents a table summariz-
ing most of these experiments and théir measurements. In almost all cases,
the experiments werc performed at low Reynolds numbers and their decuizentacion
was incomplete; that is, some experiments measured only a s’ngle ruantity and
no single experiment was complete, at least not. insofar zs ir. ading all the
elements listed in table II is concerned.. It has been Ailrficult for analysts
to use these experiments to predict confidently the crends in Reynolds numbers
for actual flight conditions; nevertheleés, there appear to be sufficient data
of the verification variety to make definite ¢conclusions regarding the ability
to model turbulence for attached flow boundary layers neai equilibrium as will
be shown subsequently.

The unshaded area in figure 4 represents the domain of more recent experi-
fents where shock-induced separation was étudied and where specific attempts
to documeént the complete flow fie1ld features, including the turbulent fluctua-
tions and their correlations, have ieen made or are under way. These latter
experiments and conipanion computations, which together are being used to

establish adequate turbulence wodels, are discussed lLater.
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Before discuasing any of these experiments; the fuestion of what can b
accomplighad cxperimentally in compressihle flows whore the diffieule ool
enviroamént of high Revnolds numbers dand high Mach numbérs is present mnct e
addresgad,  Over the last goderal vears, a conviderable amount of inatramen

development has béen undértaken that itends to make crrcctations optimist

in this regard.

B. Status of Measurement Techniques

1. Mean Flow Measurements

Mea.i flow measurciments of the typée requircd for verivicacion experiment:;
will not he discussed in detail. It suffides to say that in mest instance:
means are at hand .to measurc mean-flow quantities such as velocitv, pressur:
and temperature, and wall values of heat transfer. Tt is worth mentionirg.
hovever, a recent development in the technique for measuring skin rricrion
which heretcfere has been difficult in cases where pressure gradients are
applied. -

Ludweig's concept of measuring surface shcar with a heated surface ele-
ment has been réintroduced recently by Rubesin et al.(?ﬁ) for use in zsompres-—
sible flows with rather scver. pressurc gradients. By imbedding small diam-
etéer wires (1 mil) in a low coidurtivity material contouroed to the shape ot
thié model surface, it has becn possiblé L6 obtain reasonubly dccurate mea-uren
ments of surface shear. These gagés have the distinct advantage of beéing
small in size, insensitive to pressurce gradient, and they can be used whether
the flow is laminar or turtulcat, A disadvant yge is that they w1t be cali-

brated over a ranpc of appropri- e condition n situ, but o tar ihis has rot

been a major problem. Examples of voh measurements wiil be given lacer.




2. Shear Stress MeaSureménts

In addition to méan~flow measurements shear atress distributions will be
yequired for fivast-order modelliig experiments, For zero pressure pradient
poundary-layer flows at supérsonic spceds, momeritun~halance techniques using
méan flow-field data have been uséd successfully to extract the magnitude and
distribution of thé shear stress. Using this technique, Sandborn was able to
show that the appropfiately fnormalized shcar stress was essentially indepen-
dent of Mach number and Reynolds number in the supersonic speed rogime to
M~ 7.{27)  The results are shown in figure 5 taken from reference 27. The
shadéd region represents the distributions from.l4 different experiments
covering Mach numbers between 2 and 7 and Reyﬁolds numbers, based. on momentum
thicknesg, between 2,500 and 12,000. At higher Mach numbers the picture is
not so clear, but this may be a direct result of the fact that most of the
higher Mach number data were taken on nozzle walls where the boundary layer
had undergone distortion by severe pressure gradients in the throat regions.
Any proposed turbulence model for zero pressure gradient flows should be able

to predict the normalized shear distribution in figure 5. Another important
contribution of this. universal shear distribution is that it can also be used
as a standard against which other direct measurenent techniques can be tested,
as wiil be shown subsequently.

Unfortunately, when préssure gradients are imposed on thé boundary layers,
momentuni-balancé techniques that émploy mean profile measuréments are usually
not satisfactory for evaluating the magnitude of the shear stresses. This is
particularly trie when gradients that lead to gseparation are imposcd because
the shear stresses comprise only a small part of the overall momentum balance;

unfortunately, the shéar stresses arc the important stresses that determine
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the eventual dtate of the flow field. Thereéfore, methods for measuring the
ghear stredaes directly must be developed, Hot-wire anémom¢ters and laser
velocimeters have recently béen used for this purpose and it is important to
brifly réview thelr applications and limitations.

Two major problems arise when employing hot-wire anemométers in compres-
sible flows whére high Réynolds numbers and Mach numbers are presént. The
first of these 1s the practical problém of wire durability. The sec¢ond and
obvidusly most important is the measurement interpretation,

Mikulla and Horstman(28) and subsequently Mateer and.Brosh(zg) devéloped
"packed" wire probes that successfully eliminated the problems associated with.
wire durability. Sketches of the two probes taken frum these references are
shown in figures 6 and 7. The dual-wire wedge probe and the separate cross-
wire wedge probe were used to obtain measurements of mass flow and vertical
velocity fluctuation, and their correlation. The triple-wire probe was used
to obtain the correlation of total temperature and vertical velocity fluctua-
tions. The dual-wire probes were operated with constant temperature anemometer
systems; the normal wire of the triple-wire probe was operated with a constant
current system. Frequéncy response was considered adequate (50 kHz)..

Backing the wires in this manneér eliminated wire breakagé and strain
gaging problems; it permitted operation of cruss-wires at high overheats with-
6ut causing sag and maintained the wires at 45° angles so that vertical veloc-
ity fluctuations could readily be obtained whén thé probé was positionéd in a
plane normal to the wall. The main disadvantage of these backed wires was the
possibility of heat conduction betweén thé wirés through thé backing material;
such conduction ¢ould affect the mass-flow sensitivity calibration. For the

high Mach number applications of Mikulla and Horstman,(ze) éonduction betwéen
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Lhe wires was suffictent to préclude a senditivity calibration during steady-
gtate operation becanse the wires wore dgperated at temperatures slent fieantly
highé? than the test total temperature (1500°RY,  Mtkalla and Horstman were,
however, able to inter the seasitiviry ealibratlon by operating the backed
wire In a known boundary-Llayer flow previously measurcd with an unbicked normal
wire. By relating their previously measured mass-flow luctuations to Lhe
voltage output from the dual wire, they. could infer the sensitivity cocefii-
¢ients. Fortunately the probe of Mateer and Brosh(?g) was. operated at a lower
temperature and was not affected by this problem; consequently, thcy were able
to calibrate directly.

Lxtracting turbulence information from hot wires operated in compressible
flows can be accomplished in.a straightforward manner. However, ccrtain
assunptions are- inherent in the process and they require some explanaticn.

Following Morkovin,(30) the expression for wirc voltage fluctuwations is written

..E.'.‘_ _(_‘2_9.2..". " - (V“)‘ . g it .
T Sewm TSP ot Sy (e (34)

where S represents the wire sensitivity to mass flux (pu), wire orienta-
tion angle (&), and total tumperature (Tt) ard the double prime refers to a
time varying quantity. The plus or minus sign ahcad of the second terwm is
determined by the sign. conventicn chosen for the vertical velocitv. Morkovin
showed that cquation (34) was restricted to wire operation such that M, sin 3
was greater than 1.2, a range where the sensitivity of wirces to density and
velocity changes were equivalent and could be combined into a single sensitiv-
ity S on

4
More recently, a study\31) similar to Morkovin's but including more wire

calibration dat:, showved thar equation (34) is also valid at lower dMach
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puibors provided the wire overheat, ['rwr = (Ty - Te)/T,1, and wire Reynolds

nuithér, Reg, were above 0.5 and 50, respéctively. The conclusions of the

study were based on calculations of the scusitivities obtained from the corre=

lationg ol wire data by Borhéﬁs(32) and corroborated by comparisons with sen-

sitivity data from normal wires obtained by Rose and McDaid.(33) Examples of

the results, given in figures 8 and 9, substantiatée the conclusion that equa- -
tion (34) is also valid at lower Mach numbers provided the restrictions men-

tioned above aré met.

(30) for

Modal analysis techniques similar to those proposed by Morkovin

a normal wire can be used to solve equation (34) for the fluctuating quanti-

ties because the sensitivities are known functions of wire temperature that
are obtained by suitable calibrations. Squaring equation (34) and time aver-
aging yields a set of équations with six unknowns, the three fluctuating time-
averaged variables and their cross products. Conceptually, a golution is
possible if the wire is operated at a minimum of six overheats. However, to
obtain accurate values of the six unknowns extremely accurate values of the
sensitivity coefficients and fluctuating voltages must be obtained. To
increase the accuracy of the process a normal wiré can pve '.sed to obtain

(pu)" and T." and their correlation indepeideatl; an< the yawéd wire
results only used to obtain the rémaining unknowns. Rosé used this téchnique

to sort out the fluctuating quantities and their correlations in a turbulent

\
supérsonic boundary layer in the présence of an adverse pressure gradient.(3“’

In Rose's case, this process was made easier since the terms involving Tt"
and its correlation with v" .were of smaller order than the remaining terms.
An alteérnaté téchnique ean bé employed that doés not depend o6n wire opération

at a large numbér of overheats. Tor obtaining information on the fluétuatirg
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mass (low and vereleal velocity and their corvelation, the wlires may he oper-
ated at high cnough temperatures so that they ard sensitive ainly to mass-
flow fluctuations, S(HE) o> S(T1)° Conversely, they may be operated at low
teiperatures where they are sensitive mafnly to temperature fluctuations,
S(T:) >> S(B;)‘ (The latter application is difficult to achieve In practice
with "backed wires" operated at constant temperaturc so they arc usually
operatcéd at constant current.)

Consideration. must now be givén to how shéar stresses might be obtained
with hot wires. Provided S(;G) >> Scfg), adding and subtracting the signals
from a dval-backed wire and time averaging will provide data on the.root-mean
square-values, ((pu)") and {((¥)™), and the correlation R(gzjﬁ;w; The
neasurements then can be used to give -

(pu)"v" = R(m[ﬂpu)”)][(('\l”) '] (35)

Usually an independent measurement of ((pu)") is obtained by operating a

single normdl backed wire in the same flow.

Expanding the left-hand side of equation (35),

(pu)llvllv = ‘_F/U"V"’ + ﬁpllvll (36)
Introducing the polytropic gas law and neglecting higher-order correlations

such as F“T“/Ef compared to BWYB. and waf, the following equation fhay be

written

p'v! o' _ b E;E?T
5 n 3 — 1% (37)

Equation {(37) can be written in termg of total temperature by introducing the

perfect gas energy cquation.

T e 7] et
0 8] BV = - E : .’IT‘- (Tt"\l" _ .(_21_1_ u"V”) (38)
P
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Substituting equation (38) inté equation (36) results in

puv" =‘ 0! G - i BT ] (39)
1cpT' ~[w?/(n - 1) n-1T

Recalling that the shear stress of interest in the governing equations in

gection II was written in mags-averaged variables, the additional relation=

ship is required:

pu V' = pun no_ P u = v (40)

In many instances the second term on the right-hand side of equation (40) ¢an
be assumed negligible compared to the first term. Equations (39) and (40)

show how shear stresses can be obtained from hot-wire measurements of (pu)“ m

and Ty T g%, The latter corrélation may be obtained by operating a normal wiré

at low overheat such that S(f—) >> S(E:) with a constant current system
‘t

along with a yawed probe operated at high overheat where S(—G) >> S(T y*
t

The triple probe(zs) mentioned previously was operated in this manner. Addi-

tional manipulation of equation (39) to eliminate the temperature-velocity

correlation in favor of the introduction of a turbulent Prandtl number can

also be accomplished. Following the derivation in reference 35 the following
is obtained.
- -1
—=TT = 1 y=1lq - _dT/dy E——rT
pu''v {l + — Prt M|l cp ‘(d Tdy) (pu)''v (41)

Expression (41) has been employed for both adiabatic and nonadiabatic

wall temperature flows under the assumption of isobaric turbulence (n = 0) and

for Pr. = 0.9. Use of this expression doés not fequire a measurement of

temperature-velocity correlations. In referénce 35, a comparison of pu'v"

with similar data using measured temperature veldcity correlations showed

excellent agreement. In all applications of hot-wire measurements to obtain
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sheal Stress the polytropic cxponent 0 must he assumed.,  Fortunately,
Kistler's measurcments of adiabatic houndary layers to Mach number 5 showed
that the isobarié velatlionship for turbulent eddies is adequate and so n = 0

i ' is appropriate. No information on the exponent, n, is available above this

( Mach number, howevér.

{ In principle, the Jaser velocimeter does not depend on the assumptions

% relating density and velocity f{luctuations to temperature and velocity fluc—

L' tuations. By intersecting two coherent light beams in a small volume within a

( flow field a precisely known interference fringe pattern is established in a : i

plane perpendicular to their bisection. Any particle passing across the pat-

tern alternately emits light that can be picked up with a photo sensor. Given

; the known distance between fringes and the tine duration of the light pulse,

? the velocity of the particle may be measured. Provided the particle dynamics
g within the flow field are understood, a flow velocity may be obtained directly
with this instrument. The technique also has the advantage of being nonintru-
give. Thée problems of measurement interpretation should not be overlooked,
however. Particle seeding techniques and measurement biasing toward higher

velocicies are but two of many problems encountered in the application of this
instfument. It is not within the scope of this paper to discuss tinese prob-
lems so it suffices to mention that preoblems do exist and that they are beting Y
studied. However, recent applications where alternaté means of measurement
are availablé suggest these probléms are not significantly influencing the
results in many applications. See for example, reference 36 where favorable

comparisons betweéen hot-wire measureménts and laser velocimeter measurements }

are chown,
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Turbulent shear stress may be obtained in a manner analogous to that for
slantéd hot wites.(37) The optical axis of the velocimeter is rotated so that
the fringes of onc pair of crossing beams are oriented at a +45° angle to the

flow direction. The velociméter will measure a velocity (assume v = 0)

vy = [(u+ u") - v'"] -lf (41a)
V2
Rotating the axis to -45°, the velocity measured 1s
v, = (utu v = (41b)
V2

The mean values of v, and v, are

N M
T A (42)

Where N and M are the total number of discrete velocity measurements. The

variances becomé

N ) M
_ = 35 )2 -
iz_’.l (Vli Vl) jzl (sz - VZ)
9,2 = N1 and 0,2 = YR (43)

Squaring and taking the difference of equations (41), multiplying by o
results in

b‘_uuv"t =% (022 - 512) (44)

Rec¢all that

-p_u-'T\?—' = 5 oV 4+ pi'cun'vi{
and therefore shear measurements with the laser velociméter néglects the triple

correlation. The shear stress in the mass-averaged variables must be obtained

from equation (40).
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Figurce 10 shows the results from séveral experiments where sheay stress
measurements were made across turbulent boundary Jayers without pressure
gradients. The boundary-layer-edge Mach number in these cxperiments raiged
from subsonic through hypersonic. The solid line indicates the expected
variation of the normalized total shear stress that was shown in figure 5 and
which is independent of edge Mach number. The measurcments, obtained with
hot-wire and hot-film anemometers and a laser velocimeter, show the variation
of the turbulent component of shear stress. Except for the decreases near the
wall (y/§ < 0.3), due mainly to the relatively large probe size and not the
difference between the total and turbulent magnitudes of shear nor the neglect
of triple correlations, the data agree reasonably well with the expected
trends in shear distribution. Work is in progress to resolve the differences
near the wall and some success had been achieved. For example, use of a
split-film anemometer minimizes the probe scale effects and suppresses the
decrease to a location much nearer the wall.(38)  From.such data, mixing
lengths or eddy viscosities .in the outer regions of a turbulent boundary layer

can be determined for tise in first—-order modeling concepts.

3. Fluctuating Flow-Field Measurements

Higher order modeling experiments require measurements of the individual
fluctuating flow variables such as (u''), (v, (w'"), and (T")  and perhaps
their spatial .derivatives. As discussed in the previous section, velocity

compdneénts may be measured directly by the laset velocimeter and under certain

restrictions by thc hot-wire anemometér. The réstrictions on the latter device

involve the choice of polytropic cocfficient, n, to obtain streamvise velocity

fluctuations <(u") and not on (V") of (w'"), which may be obtained directly

from a backed wedge probé if S(Eﬁ) >> S(Tt)'
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Chdice of the isobarie value, n = o, involved in most instaieeés to
obta:n (u'"), is substantiated at M = 3,(36) and ean be inferred from
Kistler's measurements to M = 5, Temperature fluctuations may be obtained
with the hot-wirc anemometer. An exanple of fluctuating flow data obtaine: in
a high subsonic boundary layer-is .shown in figure 11, (These data were
obtained with hot=wire and backed hot-wire anemometers.) The solid lines are
the usual ratios of 4:3:2 for ((u'))z:((w'>)2:((v'))2 in incompressible
flows. The measurements of the individual velocity components agree with theé
incompressible data. Density fluctuations at these relatively low Mach num=
bers are small compared to the velocity fluctuations. Other examples of mea=
surements of individual fluctuating flow quantities at supersonic and hyper-
sonic speeds were reviewed in reference 27. 1t does appear that reasonably

accurate measurements of the fluctuating flow variables in compressible flows

can be achieved.

C. Experiments Supporting Turbulence Modeling Development
in Two-Dimensional Flows
In order to illustrate how the experimental foundation for turbulence

modeling might be established, it is helpful to focus on a particular problem.
Consider the example of transonic flow about an airfoil as sketched on the top
of figure 12. Three characteristic regions are identified that have certain
distinct features as listed in the left=~hand column. Actually, such features
are typical of thosé found in a variety of aeronautical applications, so tur=
bulence models developed to solvé this particular problem will obviously apply

to mcre geheral cases. Building-bloek éexperiments first sélected to evaluate .

and guidé thé model development for éach of the regions are skétchéd in the




hoxt column. The numbérs In parcnthesces below these sketches refer to the

refarencés which contaln the expérimental data,

An attempt was made to select thesc experiments on the basls of the
requirements listed previously. However, in order to establish as wide a data
base as possible; not all the experiments clearly meet the complete require=
ments. As will be discussed in the next scction, model development has pro-
cecded to the point where unresolved issues regatrding the details of the avail-
able experimental data have surfaced and the need for additional experiments
to resolve these issues is clear. These issues and sketches of additional
experiments complete the information in figure 12.

For the case of fully turbulent attached flows over airfoils where the
boundary-layer approximation to the full Navier-Stokes equations applies,
pressure gradient and wall curvature encompass the important flow features.
Obviously, if the Mach number was increased heat transfer would also be
important. The first experiments chosen will mainly test the ability of the
model to predict the effects of adversc pressure gradient. One of the.experi-

ments also includes a favorable gradient;(“l)

In the second region, separation and reattachment may occur and the list
of flow features is longer and obviously the problems are more complex. For
example, the inviscids=viscid interaction affects the whole flow field and the
complete Navier-Stokes equations may be required to solve the problems. The
flows chosén for model development all have rather severe interaction and test
the ability of the model to predict separation extent and reattachment char-

acteristics. The trailing-edge flow region has fewer experiments that provide

éither verification or guidance for modeling. Those first chosen test the




ability of the model to prediét separation in the présence of adverse pressure
pradients and how a model used in attached flows mighc beé exténded with wake
or trailing-edge flows,

The additional experiments sketched in the last column might be proposcd
50 as to obtain answers to the unrcsolved issues arising from a study of

modeling for the building=block cxperiments as discussed in the next section.

IV. STATUS OF TURBULENCE MODELING FOR COMPRESSIBLE FLOWS
An experimental foundation for guiding and verifying turbulence model
developinent was proposed in the previous section. The status of the various
modeling concepts will now be reviewed by comparing computations that employ

the models with the experimental data for the attached and separated flow

cases.

A. Attached Flows

1. Boundary-Layer Flows with Zero or Mild Pressure Gradients

Algebraic eddy viscosity or mixing length closure models have been suc-
cessfully applied to compute compréssible, zero-pressure, and mild-pressure
gradient boundary-layer flows. See, for example, chapter 9 of reference 9
where a large number of computations employing the baseline model described in
section II is comparéd with experiment. For purposes of this review threeée
additional examples are given to illustrate the success of the model and to
point out where additional work may bé nécessary.

A comparison of the experimental data of Allen(53) on an aXisymmetric
oglve-cylinder body and a computation employing the baseline model is shown in
{igure 13, The computations were made with a boundary=layéi program originally

developed for laminar £1ow(5%) but modified séveral years ago by Marvin and
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Sheaffer so that turbulent flows could arse be eomputed. Comparisons of the
computations with the skin friction and velscity-profile data, obtained by
three techniques, indicate the kind of agréement that can be expected when ,
employing the baseliné model at Tow Mach puribers on bodies at adlabatic wall
tenperatures., Calculations with and without trangverse curvature ('Tve) (to
account for a thick boundary layer show little difference,

At higher Mach numbers, modeling changes that account for heat trdansfer
and density fluctuations must be considered. For Mach numbers up to 10, modir —
fications to the baseline model apparently are sufficient to account for these

effects. Shang(ss) made this concinsion or the basis of comparisons with skin

friction and heat transfer data. He accounted for the triple correlation,....

Tu"'v", neglected in the baseline model in an approximate way by multiplying.

p

equations (19) and (20) by the term [1 + ({p*¥/p)]: The magnitude of the

density ratio was obtained by solving the y-momentum equation for the turbu-

lent fluctuating pressure and introducing its magnitude. into the equation of
state, along with a correlation for temperature fluctuations. Also he, as e
well as others before him, found that the effects of heat transfer could be
adequately accounted for by the introduction of a turbulent Prandtl number,.

equation (24), which could be expressed as a constant, Prg = 0.9, or a variable

value depending upon the location in the boundary layer. However, the solu~

tions were not too sensitive to the choice of the Prandtl nuwber and the value
of 0.9 was recommended:. Above a Mach number of 10, the adequacy of the base-
1ine model or its modified form has not been established. Lack of sufficiently |

accurate data above M = 10 contributes substantially to this conclusion.

Figures 14 and 15, taken from reference 55, illustrate the success of

employing 4 modified baseline model to predict skin friction and heat transfer
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at hypersonic Mach numbers. At Mach 7.4, dnc¢luding the effects of the density
fluctuations has a small Lafluénce and the unmodified baseline model predicts
the data quite well, At Mach number 10.5, the effects of density fluctuations
aré larger and the modified model appareéntly yields a hetter prediction of the
skin friction data. Tn both these examples the turbulent Prandtl number was
held constant at 0.9 and thé predictions of héat transfer are conservative.
Introducing a variable Prandtl number would result in somewhat better agrece-
ment but apparently there is further need for study to resolvé the question of
adequately predicting the heat transfer. Also in these examples, the initial
rise in skin friction subsequent to transition is not predicted very well, but
this result can be attributed to the influen¢e of low Reynolds number on the
Clauser modeling constant, 0.0168. (See, e.g., chapter 6 of ref. 9.)

Uniformly distributed mass transfer at the wall is another problem of
interest receiving greater atteation now because.of the possibility of its use
to reduce drag on aerodynamic surfaces and thereby decrease aircraft fuel con=
sumption. Modification to the baseline model to account for mass transfer at
the wall is accomplished by altering the value of At in equation (22). An
appropriate variation of AT with mass transfer is found through analysis of
experiméntal data. This is illustrated in figuré 16 wheré experiméntally
determined valués of At are correlatéd with a mass transfer parameter B/cg,
where B = pw\fw/peu.e and cy 1is the local valué of skin friction. The data
are adequately représentéd by an exponential curvé.

Predictions of theé skin frietion and .heat transfer employing this modifi=
cation to At have been made with the Marvin-$heaffer (54) boundary-layer
program. Results are shown in figure 17 wheré.the gkin friction and heat

transfér normalized by their untfanspired values are plottéd vérsus a
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dimengtionless mass transfer paraméter. The skin friction dec¢reasce with
increasing mass addition is predicted reasonably well., The effects of com-
predsibllity, o¥ Mach numbcr, are sfiall both theoretically and experimentally.
Recéitly, similar results for skin friction to M, = 6.6 were presentod.(ﬂﬂ)
The heat transfer decrease 18 also predicted well to M = 0.7, However, not
shown are results at higher Mach number where the available datd indicate a
far smaller decrease in heat transfer than is predicted. This latter aspect
is discussed in referencé 63 and still requires further theorctical and

experimental study.

2. Boundary-Layer Flows with Severe Preéssure Gradients

The status of turbulence modeling for compressible boundary layers
encountering rather severe pressure gradients will be diseussed by considering
the attached flow experiments introduced in figure 12. These experiments and
their test conditions are summarized in figure 18 taken from reference 20.

Attempts to predict the experimental data by using the baseline algebraic
turbulence model introduced previously gave results that were not entirely
satisfactory.(lz) However, in some instances-a reasonable prediction was
achieved as will be shown subsequeéntly: The poorest prediction was obtained
for the compression taip data of Sturek and Danberg(“3) as illustrated in
figure 19, taken frof reférence 12, and serves as an example to show how
modifications to the model wére employed to improve the situation. In this
‘nétance the baseline model predicts no rise in skin friction in cont¥adiction
to the data. Modifying the baseline model coefficients At or AY and k
(see eqs. (19) and (22)) as suggested for ircompressible flows with pressure

gradivnt(956“s65) did not improve the ptediction for all of the flows and in

some cases producéd poorer réesults.




The curve labled A = 0, where X = I./6&, in figure 19 shows such a result
when AT and k  are modified to account for pressure gradient, However,
i Horstman was able to improve the predictiond with the baseline model by_intro- -
g ducing 4n additional empirical relaxation parameter () in the modification
for At and k. Tor example, the cuuve .labeled X = 7.5 shows cxcellent
agreement with thé data. Results. similar to this were obtained for each of
the experiments in figure 18,  However, the disadvantage of such an approach
was that each experiment required a different relaxation scale to cffect a

good prediction and the available data were not sufficient to determine a

[ universal correlation of relaxation scale length in terms. of. pressure gradient

that would encompass the important parameters of Mach number and Reynolds
number.

In contrast to the former results, a recent study has shown that the two=
equation model of Wilcox(17) and the full Reynolds stress model of . i
Donaldson(1?) introduced. in section II provide overall a better means of pre- |
dicting these adverse pressure.gradient flows.(20) Furthermore, no adjust-

ments to modeling constants were required.

To illustrate this finding, examples of the .results taken from refer-

ence 20 are shown in figures 20, 21, and 22 for the adverse pressure gradient

flow of Peake et al.(40) 1Ia figure 20, the mean flow pressure and veélocity
are shown along with the skin friction and form factor, H. The baseline model
prédiction 18 labeled Marvin-Shaéffer and the Wilcox and Donaldson .models are

labéléd Wilcox-Traci and ARAP, réspectively. The rise in skin friction is

prediétéd very well by the two-equation and Reynolds stress models.
' Typical. of the baseline model, the predictéd increase lags the data

bécause no additional production of turbulencé other than that introduced
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through changes in the mean flow is accountad for, The axial distribution of

the shape factor 15 reproduced reasonahly well by all the models, but the

baseline model. predicts a consistently higher magnhitude. The velocity and

shear streds profiles for two axial locations, one after a run of adversc

pressure gradient and a second far downstream in the constant pressurc region,

; are shown compared with the predictions in figures 21 and 22, The velocity
profiles are predicted very well by the Wilcox and Donaldson models. The-

shear stress profiles are predicted (overall) better by the multiequation B
models.

The advantage of the models employing additional differential cquations
to describe the behavior of the turbulence results from the expectation that
they. are capable of predicting a wide variety of flows without modification of
[§ » constants and that they might provide the best means for calculating through

separated regions such as those discussed in the next section.

B. Separated Flows
In the example proposed in figure 12 at the end of section III, separation
and reattachment in the region of a shock wave interaction with a boundary 1
layer were characteristic of the flow features that would have to be predicted
by a successful turbulence model. Work directed toward model development for
this problem has been under way for several years, both experimentally and

computationally, and the progress on both aspects will be reviewed now. .

1. The Building-Block Experiments

The building-block experiments now being used by the group at Ames
Research Center to study the behavior of turbulent boundary layers undergoing

separation and reattachment after their interaction with an incident shock
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wave are described, FRach experiment, in which there 18 a significant ¢oupling
of the viscous and inviseid flow fields, has a companion computer simulation
that uses the complete time-averaged, Navier-Stokes équations and requires a
large, fast computer for a solution. The experiments, in various degrees of
completeness at this time, cover a wide range of Mach numbers and Reynolds
numbers.,

The first two experiments involve transonic flows and particular interest
is directed toward shock-boundary-layer interactions on wings. Figure 23(a)
shows the expeérimental errangement for a verification experiment(“S) being
performed on a wing that spans the test gection of a high Reynolds number
channel recently built at Ames Reseéarch Center. The . facility operates in a
blow-down mode, and the free-stream Mach number can be adjusted before or
during tests by a translating wedge that acts as a downstream choke.. The
upper and lower walls are contoured so.that strong shocks would not éxtend to
the walls and choke the. flow. A thick circular-arc wing (fig. 23(b)) was
chosen to allow local airfoil Mach numbers to achieve values where shock-
induced separation would occur, but without having the shock extend more than
about two-thirds of the distance between the wing and the outer wall. Surface
pressures for various Mach numbers and Reynolds numbers have béeén obtained as
well as surface skin friection at specific Reynolds numbers.(“s’ee) Still to
be obtained aré mean velocity data and moré skin=friction data.

The wing experiment resulted in both shock-induced and trailing-edge=
induced separation, depending on thé free-stteam Mach numbér. Data were
obtained to Reéynolds numbers, based on ¢hord. length, of 17x106, At intermedi-
ate Mach numbers, somé unstéadinéss in thé. flow field occurred. The results

are discussed in detail in reference 45. Reéynolds-number effects for both the
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cralling cdge and shock=Induced separation were not significant for winf~chord~
based Reynolds numbors beyond 10x10°,

Some results obtained when shock=induced separation occurred ave glven In
figure 24, OLl-flow patterns (lower portion of the figure) illustrate the
two-difniengionality of the flow and the detail in the region downstrean of
sepavation. The shadowgraph view near the interaction clearly illustrates
shock-induced separation. The pressure ratios downstream of the shock are
below C¥, indicating that the flow is slightly supersonic and suggesting the
presence of an oblique shock (also apparent in the shadowgraph).

Figure 25 presents the airfoil pressures at several Revnolds numbers and
the skin-friction measurcments at a single Reynolds number. The skin-friction
measurerients were obtained recently with surface-mounted wire gages specifi-
cally.developed for this experiment.(ze’se) The location of separation,
determined from the c¢il-flow photograph, is shown on the abscissa of the skin-
friction plot. This lecation also corresponds to the location_.of the knee in
the pressure curve downstream of the shock. The comparison with the computa-
tions is discussed subsequently.

Figure 26 shows the physical arrangement of another transonic flow
experiment being used for code verification and model concept development.(zg)
These tests are also being conductéd in the Ames High Reynolds Number Channel.
Supersonic flow was developéd at the éntrance of an axisymmetric test section
and a normal shock wave was positioned at a fixed location by adjusting the

location of o downstream shock generator. The relative distancé between the
shock wavé and the downstrcam shock génerator was always about 1 m. Experi-
meéntal verification data were obtained for Reynolds numbers, based on distatice

along the wall to the locatién of the chock wave, between 9%x106 and 290x10°.
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Over thia vange of Reyuolds number, Mach number varied between 1.35 and 1.45
becauseé of the differences in wall boundary-layer growth, With this arrange-
ment, data are also being obtaineéd at constant shock Ma¢h number by allowing
the shock position to vary along the tube surface when the Reynolds number is
varied. A compléeté flow documentation, including turbulencé measurements,
has been performed at a Reynolds number of 37x10® where the corresponding Mach -
number ahead of the shock wave was l.44.
Examplés of the data are presented in figures 27 and 28. Additional
results, iné¢luding velocity profiles and velocity fluectuation data, aré given

in reference 29. The shock position is located at x/(Su = 0, The pressure

riges rapidly downstream of the shock wave, causes separation, and then
increasés gradually. The corresponding skin friction is reduced ahead,
reverses sign in the separated region, and then incréases thereafter.

The shear stress data (fig. 28) were obtained with the backed cross-wire
anememeter described previously. The maximum shear stress in the boundary %
layer shows a significant increase after the shock wave and then decreases
downscream toward the value expectéd for a mild adverse pressuré gradient,
Downstream of the shock wave beyond the éeffective boundary layer, some mea-
surable shear was evident. It reversés sign because the mean velocity pro-
files are rétarded, probably résulting from a ¢oalescence of compréssion waves

ahead of the shock wave.(29)  In this flow, the height of the separated zoné

was very small and no details were measured in the reverséd-flow region.
Documentation of the mean flow over a wide range o6f Reynolds numbérs 1is
now under way. Theése data will be used to assess the ability of the turbulence

model to prédict Reynolds-number effects on such factors as interaction
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lengths, pressure rise to separation, and the effeots of Mach numbeyr on incip-
ient seéparation.

One experiment being usded to verify the computations in the supérsonic
regime is the adiabatic shock=impinging flow originally reported by Reda and
Murphy.(“g) Figure 29 18 a schematic of the test arrangement: Shock waves of
varying strength were impinged on a Mach 3 boundary layer developed along a
tunnel wall. For some tests, the shocks were strong .enough to separaté the
flow on the tunnel wall. Mean-flow profiles and surface-pressure data wete
reported originally. Since the original work was cofipleted, skin-friction
data have been inferred from the profile data(67) and shear distribution
ups tream and downstream of an interaction without separation were measured.(ge)
Currently, measurements throughout a separated region, such as velocity fluc~ s
tuaticns, shear distributions, and surface skin friction, are being documented.

The surface pressure, normalized by the upstream total pressure, and
indirectly inferred wall shear stress for a separated flow case are shown in
figure 30. Separation.and reattachment points from oil-flow photographs are
indicated. The pressure data have a plateau near the separation. Data for
various shock stfengﬁhs(“z) will be used to assess the ability of the Navier-

Stokes codes to predict thé onset of separation.

At hypersonic spéeds, the axisymimettic shock expansion boundary-layer
interaction flow describéd in reference 51 is being used to guide turbulence
modéling concépts. The expériment 18 sketched in figure 31. The leading edge
of the shock generator was varied between 5° and 20°. Measurements in the

axial direction wére made in finely spaced steps by traversing the shock
generator in the axial direction during the tests. Complete flow documenta-

tion, including turbulence measurements across the flow field, is availabl«
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for shock generator angles of 7.5%, where unseparated interactions occurred,
and at 15°, where fully separated interactions occurred. Surface preéssure,
skin friction, and heat transfer values are available for other genérator
angles(“z) and will be used to verify the ability of the turbulence model to
predict the effects of shock strength on separation at hypersonic speeds.

The surface pressure, skin friction, and heat transfér for separated flow
aré shown in figure 32, Separation and reattachment points obtained from
interpreting pitot-pressure measurements on probés near the surface facing
both upstream and downstream are shown. The pressure increases through the
interaction region, reaches a plateau near separation, and then rises further
after reattachment. The skin friction decreases, then rises downstream of
reattachment; the heat transfer rises continually. The decay in pressure,
skin friction, and heat transfer downstream of the interaction results from
the expansion'fan emanating from the corner of the generator.

Fluctuating turbulence properties, for use as guides in modeling changes,
were measured across the boundary layer at four locations through the inter-
action.(35) An example of the measurements is shown in figure 33, where the
shear stressés at the four measuremént locations are plotted. It was not pos-
sible to obtain shear meéasurements in the reversed-flow region of the separa-
tion bubble at the second measurement station so the expected trend has been
sketched. The measurements show many of the same features as for the tran-
gsonic experiment shown previously. Through the interaction, the maximum lével
of shear stress near the separated region increases significantly. Downstream
of reattachment, (x - x,)/8, > -1, the shear profiles do not differ in shapé

from those usually found in zéro or slightly favorable pressure gradients.
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Turbulence memory apparently persists only for about five boundary=layer
thicknesses beyond the initial rise in pfesSuro.(35)

The supersonic corner flow experiment(sz) sketched in figure 34 is the
last of the shock interaction experiments to bé discussed. Mean flow measure-
ments at two ramp angles, 20° and 24°, have been documented and turbulence
measurements are planned for the forthcoming year for the 20° ramp angle.

Data have been obtained for an extremely large range of Reynolds number, based
on boundary-layer thickness: 5x10% g Reg X 7x106. Typical regults showing
surface pressure and skin-friction data for the 20° ramp angle taken from
reference 52 are Yeproduced in figure 35. TFeatures common to all the super-
sonic interactions are evident; a pressure plateau and a rapid decrease in

skin friction followed by a rise after separation.

2. Companion Computations Using Vdarious Turbulence Models

Each of the experimentally determined flow fields described above have
been programmed for numerical simulation on a CDC-7600 computer. Each program
uses the mass—averaged form of the time-dependent Navier-Stokes equations and
solves them with the MacCormack time=marching explicit scheme with split-
ting(se) and employs the more time-efficient algorithms proposed by
MacCormack.(sg) The complete Navier-Stokes eguations were used because the
viscous and inviscid flows interact significantly and it was.-believed that use
of approximate solution techniqués would only introduce uncertainty when cval-
uating the ability of the turbulenée models to predict measured trends with
Mach number and Reynolds-numbe? variations. Each of the programs and solution
techniques has been reported on separately and their detalls will not be

addressed here. Solutions for each of thé flows described above have bheen
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made employing the baseliné and relaxation models discussed previously. Three
of the flows have been predieted with the oné~equation model and the others
will be attempted in the ncar future, Eventually, it 1§ 1likely that all the
flows will require at least a two-equation wmodel before reliablé predictions
can be expected. The results of the computations are discussed next.

The data from the transonic<wing experiment are compared in figure 24
with the computations performed by Deiwert.(70) With the baseline model, the
overall features of the flow field are predicted reasonably well. For
example, the trend of increasing airfoil peak Mach number with Reynolds number
is predicted, as is separation due to shock interaction. Downstream of the
shock, where the flow separates, the preSsurg.recovefy is overpredicted
because the predicted shock wave 1is normal, whereasz the experimental shock
wave is oblique. A comparison of .the predicted and measured skin friction at
Re = 107 further illustrates the differences in that region as the location
of predicted separation is downstream of that location determined from the
0il-flow photographs. Use of the relaxation concept (eq. (25)) with one
boundary-layer thickness for L (relaxation length) tends to shift the loca-
tion.of the shock.wave closer to the leading edge and reduces. the peak Mach
number and resulting shock strength; nonetheless, the pressure recovery is
still overpredicted.

Solutions using other choices for L did not improve thé results. For
Mach numbers at which the flow is not separated but at which viscous effects
are still important, the computations using the baseline model compare very
favorably with the data, except at the trailing edge whére exténsivé separa=
tion occurred.(70) Because solutions to this problem take between 30 and

60 min of computation time, models employing differential cquations for
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turbulent kineti¢ encérgy or shear have not beén attempted, These will be
added in the near future, however, if other, nore simple problems stiow
improvement with employmént of these models.

Conmparisons of the computations with the data from thé normal shock-wavce
experiment are presented in figures 27 and 28. The pressure predictions
employing all the models agree well with the.data. The skin friction is
underestimated downstream, using either the baseline or relaxation models.
However, the one-equation model of Rubesin does significantly better with
regard to predicting the downstream skin friction and is considered a major
improvement . 'The latter résults were reported recently by Viegas and
Coakley.(71) The shear distributions obtained using the relaxation model are
compared with the data in figure 28 at three locations downstream of the shock
wave., Similar results were obtained with.the baseline model. The compitations
fail to predict the significant increase in shear at the first station and,
evidently, this continues to affect the prediction downstream. Better comi-
parisons are expected with the one-equation model, but they were not available
at the time this paper was written.

Comparisons for the oblique shock interaction using thé baseline and
relaxation turbulence models are shown in figure 30. For the oblique shock
interaction, the baseline model predicts the overall préssure rise reasonably
well and also predicts séparation. However, no appreciable upstream influ-
ence in the preSsure and no plateau are indicatéd in the calculations because
the size of the sepacation bubhle i§ underpredicted. Introducing thé relaxa-
tion model with L = 5 boundary-layer thicknesses corrects this déficiency
because it lowcrs the effective eddy viscosity near thé séparation, thus

increasing the size of the separated zone, which in turn introduces a plateau
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in the préssure-rise curve, The location of #eparation 15 predicted with the ,
relaxation model, but the reattachment location 18 too far downstream,
The comparison with the wall shiear downstreéam of reattachment where the
boundary layer thins may appear better than is the actual case because these
computations were made with a relatively coarse grid, and in the downstrcam
locations the first computation point away from the wall was in the logarithinic . -
region of the turbulent boundary layer. Since the method used to obtain
derivatives at the wall requires calculated points within the sublayer region,
the.predicted. shear is expected to be lower than the measurements, and the
results would be similar to those -for the transonic normal shock comparisons.
In figure 32, the predicted results and experimental data for the hyper-
sonic shock interaction are compared. As with the supersonic oblique shock
interaction, the baseline model prediction reproduces the overall trends in
the data but is deficient in the separated region. . Recent calculations by
T. J. Coakley(71) using the one-equation model of Rubesin improves the situa-
tion. The height of the separation was greater and the resulting upstream
? influence leads to.a plateau in the pressure. However, Coakley had to alter
thé algebraic length scale in the model to affect the changes. The .location

whéte skin friction begins to decrease is predicted, but the extent of the

geparation in the axial direction is still overpredicted. The heat transfer

is underpredicted throughout the intéraction region with either model. i

Thé supeérsonic cornér.flow has been predicted using the baséline, relaxa-
tion, and one-equation turbulence models.. .The latter computations were
recéntly made by Horstman. Thé results.are compared with the experimental
data in figuré 35. The baséline model predictions show no plateéau in the

pressuré distribution as a result of the small prédictéed separation zone, and
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the skin friction downstream of réattachment is underpredicted, Thé relaxa-
tion model does increaseé the size of the séparation zoéne and a plateau in
presdsure is predicted, bBut the skin friction downstream of reattachment is
gt111 underpredicted. The one-cquation modél significantly improves the pre-
diction of skin friction and does reasonably well in the prediction of the
overall pressures. Moreover, a comparison recently made by Horstman of the
velocity profiles downstream of reattachment with the computations shows a
marked improvement when the one-equation model is used.

From an éxamination of all the comparisons, the following general obser-
vations can be made. In most cases, the pressure rise can be predicted
reasonably well with a simple eddy viscosity description for the turbulence,
The exception is for the transonic wing where the shock=induced separation was
very large and extended from the foot of the shock beyond the trailing edge.
The algebraic eddy viscosity concept is deficient in providing the proper
details within the separated zone and this, in turn, apparently affects the

entire flow field when the separation zones are large.

Introducing relaxation tends to improve the situation somewhat because it
decreases the eddy viscosity in the region of separation, resulting in an
increase in the height of the separation. However, the néx® deérease in eddy
viscosity persists beyond the separated zone even for short relaxation léngths,
and_the codes underpredict the skin friction downstream. Interprétation of
the modeling experiments indicatéd the néed for an incréase in effectivé eddy
vigcosity downstream of reattachment. An improved turbulénce modél that

effectively accomplished this is the oné-equation model of Rubesin. Further

improvement to this modél can be made by altering the algebraic length scale




| as shown by Viégas and Coakley.(71) In faet, their results suggest that a
two-equation medel will probably provide an éven better prediction, Still

needed, however, is a better model for the flow in the separated region where

the flow 18 reversed; but the lack of data from such regions makés the guid-

ance of model changes difficult,

V. CONCLUDING REMARKS

A complete concept of turbulence modeling has been described. The ele-

ments — experiments, modelihg concepts, and computations — were each reviewed

to provide an up-to~date status of the problem. Experiments were classified

% as verification or modeling types. Verification experiments wére déscribed as
those that measured mean flow quantities and they would provide a means for
assessing the ability to predict correctly over the flight ranges of Mach and J
( Reynolds number. On the other hand, modéling experiments would require mea- :
E ' surements of the turbulent flow itself in sufficient detail to guide and
verify the turbulence models actually used in the computation codes.

Recent techniques used to measure turbulent properties in compressible
flow were reviewed and the results are éncouraging enough to pefmit the con-~
clusion that modeling expériments can be performed at various Mach numbers. A
set of experiments to evaluate and guideé turbulence model development for two-

dimensional flows was introduced and comparisons of computations employing

various turbulénce models were made. The results of the comparisons showed i
that algebraic eddy viscosity models were sufficient to predict most attached
flows with zéro or mild pressure gradiénts up to Mach number 10.

Modéls that employ additional differential ¢quations to describe turbu=

lent kinetic energy or shéar stréss are required in the case of severe
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pressuré gradients, Flows with separation on reattachment are also predicted

better with modoid uaing additional differential equations, but the uumber of

examples 1s limited at the present time and further comparison will have ¢o be

miade hefore a predictive model 13 available for these {lows.
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TABLE I.- STATUS OF COMPUTATIONAL AERODYNAMICS

Stage of
approXimation

for equations

Readiness timeé perlod
2D n 3D

airfoils wings aircraft

Limitations

.

Pacing item

1930's 1950's 1960's

$lender configurations
Small angle of attack

Perfect gas

Inviscid
linearized Used in current. No transonic flow
aircraft design No hypersonic flow
No flow separation
1971 1973 1976 ?
Inviscid
nonlinear Development No flow separation Code
nearing completion . development
1975 1977 ? 1979 ?
Viscous Accuracy of Turbulence
time averaged Early stage turbulence model modeling
of development
Dévelopment

Viscous

time dépendent

Mid 1980's

Accuracy of solution

to Navier-Stokes egs.

of advanced

computer
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TABLE TT.~ ELEMENTS OF WELL=DOCUMENTED BUTLDING-BLOCK EXPERIMENTS

Type of ) )
Type of NDocumented Test
equation :
experiment quantitles conditions
closure
First order To flight
or Verification CF,CH,pw,T,G,;,§,<qw) in Mach and

Reynolds. nos.

i

!

i higher order
| A

|

First. order

First order

modeling

CF,CH’PwaTanV:W’ (qw)

-Repraesentative
flight Mach

and Reyn>slds nos.

T T

Higher order

Higher order

modeling

<u’>,<v'>,<w'?,<q>,v'q',

IX,
J

Representative
flight Mach

and Reynolds nos.
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FIGURE CAPTTONS

Figure 1.- Process of physical modeling for computer code deévelopment.

Pipure 2.- Status of turbulence modeling.

Figure 3.~ Mach and Reynolds number domain for aerospace vehicles.

Figure 4.- Mach and Reynolds number domain for experiments compared with that
for acrospacc vehicles.

Figure 5.~ Comparison of estimated supersonic shear stress with incompressible
measurements and the empirical prediction of Maise and McDonald. (Taken

from ref. 27.)

Figure 6.- Probes developed for high-temperature applications. .(Taken from
ref. 28.)

Figure 7.- Supported crossed hot-wire probe. (Taken from ref..25.)

Figure 8.~ Comparison of calculated and measured velocity-density sensitivity
ratios. (Taken from ref. 31.)

Figure 9.~ Comparison of calculated density and velocity sensitivities and
measured mass-flux sensitivity. (Taken from ref. 31.)

Figure 19.- Shear~stress measurements in compressible flows.

Figure 11.- Normalized rims velocity and density fluctuations across a com-

pressible turbulent boundary layer.
Figure 12.- Model development for two-dimensional flows.

Figure 13.- Comparison of baseline turbulence model computation and data of

Allen.(53)
(a) Skin friction.

(b) Velocity profile, x = 2.08 fe.

Figure 14.- Effect of density fluctuation of Cg and St at M = 7.4,

(Taken from ref. 55.)
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Figure 15,= Effect of density fluctuation on_  Cg and St at M, = 10.5.
(Taken from ref, 55.)

Figure 16.= Effects of mass transfer on basellne model_constant, At.

Figure 17.- Comparison betwecn calculations using a modified baseline model
and experiments for transpired boundary layers.

Figure 18.~- Experimental test flows used as standards of comparison for the
turbulence models. (Taken from ref. 20.)

Figure 19.- Comparison of measured and computed skin-friction distributions
obtained using a turbulence lag nodel. (12)

Figure 20.~ Streamwise distributions of boundary-layer characteristics, experi-
ment of Peake, Brakmann, and Romeskie. (Taken from ref. 20.)
(a) Boundary-layer edge conditions.
(b) Local skin friction coefficient, based on free-stream dynamic

pressure.

(c) Local form factor.

Figure 21.- Velocity and turbulent shear stress profiles after run of adverse
pressure gradient, data of Peake et al.: x = 52 cm. (Taken from ref. 20.)
(a) Mean velocity profile.
(b) . Turbulent shear sttress profile.

Figure 22.- Mean velocity and turbulent shear stress profiles far downstream

in Peake et al. experiment, x = 67.3 cm. (Taken from ref. 20.)

(a) Mean velocity profile.

(b) Turbulent shear stress profile.




Figure 23.~ Experimental arrangement for a transonic wing undergoing ghock-

induced separation,
(a) Overall arrangement.

(b) Wing désign.
Figure 24.- Shock-induced boundary-layer separation experiment on a biconvex
circular-arc airfoil; Re = 10,3x10%, M, = 0.786.
Figure 25.- Results from the. shock=induced
circular-arc airfoil,

Figure 26.- Experimental arrangement for a normal shock-wave, turbulent

boundary-layer experiment with separation.

Figure 27.- Results from normal shock-wave experiment; M, = 1.44 and

Re, = 37x10°..
Figure 28.- Shear-stress profiles from the normal shock-wave experiment,
M, = Ll.44 and Rey = 37x108.

Figure -29.- Experimental arrangement for a supersonic oblique shock-wave,

boundary-layer int~raction experiment; M, = 3.0 and Reso = 9,73x10°,

Figure 30.- Results from the supersonic oblique shock-wave, boundary-layer
interaction experiment; M, = 3.0 and Reso = 9,73x10%,

Figure 31l.- Experimental arrangement for an axially symmetric hypersonic
oblique shock-expansion, boundary-
and Re, = 13x108.

Figur
laver intéraction éxperiment; M, = 6.9 and Rey = 13x106.

Figure 33.- Shear-stress distributions for theé hypersonic oblique shock~

expansion, boundary-layer interaction experiment; M, = 6.9 and

Re, = 13x106,

geparation experiment on a biconvex

layer interaction experiment; M, = 6.9

e 32.- Results from the hypersonic oblique shock=eéxpansion, boundary-
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Flgure 34.- Sketch of 8+ by 8-in, supérsoni¢ wind-tunnel and test model..

(Taken. from ref. 52.)

Figure 35.~ Results from the supersonic ramp flow experiment; M, = 3, a = 20°,

and Reg = 1.65x10°,
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Figure 6.- Probes developed for high-température applications. (Taken from
ref. 28.) i ]
|
75




* FLOW _I.5mm
~_lomm
_EPOXY FILM N
4 i
%7 /| —WIRE I0p
/PRONGS
‘ '
| — STEM f
;
-— 32mm —

Figure 7.~ Supported crossed hot-wire probe. (Taken from ref. 29.)
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(a) Boundary-layer edge conditions.

(b)

S

(b) Local skin friction coefficient, basad on free-stream dynamic

pressure.

Figure 20.- Strcamwise -distributions of boundary-layer characteristics, experi-
ment of Peake, Brakmann, and Romeskie. (Taken from ref. 20.)
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(¢) Local form factor.

Figure 20.~ Concluded.
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Figure 21.- Velocity and turbulent shear stress profiles after run of adversc
pressure gradient, dat;npgw?ggggqu_al.i x = 52 cm. (Taken from _ref. 20.)
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(b) Turbulent shear stress profile.

Figure 21.~ Concluded.
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Figure 22.- Mean velocity and turhulent shear stre
in Peake et al. experiment, x = 67.3 cm.
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(2) Mean velocity profile.
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ss profiles far downstream
(Taken from ref. 20.)
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(b) Turbulent shear stress profile.

Figure 22.- Concluded. _ .
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